The recent development of transgenic methods for the frog Xenopus laevis provides the opportunity to study later developmental events, such as organogenesis, at the molecular level. Our studies have focused on the development of the tadpole gut, where tissue speci®c promoters have yet to be identi®ed. We have used mammalian promoters, for the genes elastase, pancreatic duodenal homeobox-1, transthyretin, and intestinal fatty acid binding protein to drive green¯uorescent protein expression in live tadpoles. All of these were shown to drive appropriate tissue speci®c expression, suggesting that the molecular mechanisms organising the gut are similar in amphibians and mammals. Furthermore, expression from the elastase promoter is initiated in the pancreatic buds before morphological de®nition becomes possible, making it a powerful tool for the study of pancreatic determination. q
Introduction
The frog Xenopus laevis has been primarily used to study the mechanisms of early development, and many experiments have involved the injection of synthetic mRNA into early embryos. However, since the injected mRNA eventually decays, the events of later development cannot be easily studied in this way. With the recent development of a method for integrating transgenes into the genome of X. laevis and X. tropicalis (Kroll and Amaya, 1996; Amaya et al., 1998) , Xenopus has become an attractive system for studying later development and organogenesis.
Our studies have focused on the development of the tadpole gut, which closely resembles the mammalian gut in its organisation (Chalmers and Slack, 1998) . Previously, several regional markers have been described in the Xenopus tadpole gut (Wright et al., 1988; Shi and Hayes, 1994; Chalmers and Slack, 1998) . However, to date, only a small number of Xenopus promoters have been characterised in live embryos using the green¯uorescent protein (GFP) reporter system (Kroll and Amaya, 1996; Huang et al., 1999) , and none of these drive expression in the gut. In contrast, several well-characterised promoters are available as a result of studies on mammals. Here we show that appropriate regional and tissue speci®c expression can be achieved in the developing Xenopus gut by using several gut-speci®c mammalian promoters. This shows that the regulation of developmental genes, in addition to the coding regions themselves, has been well conserved during vertebrate evolution.
This work shows that it will be possible to use transgenic Xenopus as a quick and simple method to analyse mammalian promoter function. In addition, our results demonstrate that the numerous existing mammalian promoters can be used to drive transgenes in speci®c patterns in Xenopus embryos, thus providing new experimental opportunities for the transgenic technique.
Results

The rat elastase enhancer drives pancreas speci®c expression in Xenopus
Pancreatic elastase is a serine protease related to trypsin. It is produced by all exocrine cells of the pancreas and is secreted into the duodenal lumen via the common bile duct. The 203 bp regulatory region of the rat pancreatic elastase I gene contains an enhancer which drives reporter expression in all exocrine cells of the pancreas (Hammer et al., 1987) . ventral buds begin to move from the midline, the dorsal pancreas moves to the left and the ventral pancreas to the right. Both buds also begin to extend towards each other, pushing inwards between the stomach and duodenal endoderm. (h) At 3 days of development (stage 41) the pancreatic buds have fused. Subsequent gut coiling then moves the pancreas ®rst to the left side of the embryo, and then to the right side, where it remains from 4 days onwards (not shown). Abbreviations: pa, pancreas; d, dorsal pancreatic bud; v, ventral pancreatic bud; li, liver; st, stomach; si, small intestine; nc, notochord; i, intestine; ph, pharynx. cence is ®rst seen throughout the pancreatic buds as early as 3 days and continues to be expressed up to 7 days in the pancreas (Fig. 1a,b) . We ®rst detect GFP mRNA in the dorsal pancreatic bud of transgenic embryos at stage 30± 31, around 13 h before the dorsal bud can be de®ned morphologically at stage 35/36 (Fig. 1c) , (Nieuwkoop and Faber, 1967) . Expression is restricted to a small group of endodermal cells in the dorsal midline of the anterior midgut, in direct contact with the notochord. It has recently been shown that the notochord is required for development of the dorsal pancreatic bud in the chick embryo (Kim et al., 1997) . Expression is also seen prior to morphological de®-nition of the ventral pancreatic bud at stage 37/38. GFP mRNA is ®rst detected at stage 33, 10 h before the bud can be de®ned, in a group of ventral midline cells just posterior to the liver (Fig. 1d) .
GFP mRNA was detected throughout the pancreas of later tadpoles transgenic for the elastase-GFP construct (Fig. 1e,f) . This is expected since in mammals, elastase is made in the acinar (exocrine) cells, which comprise around 98% of the pancreas. In conclusion, the rat elastase-I enhancer appears to be capable of driving appropriate temporal and spatial expression of the reporter in transgenic frogs. Although the expression pattern of endogenous elastase in the frog is currently unknown, the activation of the enhancer prior to morphological de®nition of the pancreatic endoderm makes it a powerful tool for the study of the earliest steps of pancreas development. Here, we show how the movement of the two pancreatic buds from their original positions in the dorsal and ventral midline as the anterior gut begins to coil, combined with an expansion towards each other leads to formation of the tadpole pancreas ( Fig.  1g,h ). These drawings are based on observations of live tadpoles transgenic for the elastase enhancer driving GFP.
Mouse PDX-1 promoter drives expression in the pancreas and duodenum
Pancreatic-duodenal homeobox-1 (PDX-1) was originally cloned from mouse as IPF-1 (Ohlsson et al., 1993) and rat as STF-1/IDX-1 (Leonard et al., 1993; Miller et al., 1994) and is the mammalian homologue of XlHbox8 (Wright et al., 1988) . Its expression is restricted to the pancreatic and duodenal epithelium of both mammals and frogs (Wright et al., 1988; Ohlsson et al., 1993; Miller et al., 1994; Guz et al., 1995) . PDX-1 is essential for initial pancreatic morphogenesis in mice and is also thought to have a later role in transactivation of the insulin gene in beta cells (Jonsson et al., 1994 (Jonsson et al., , 1995 Ahlgren et al., 1996; Of®eld et al., 1996) .
In this study we have used a 4.6 Kb PDX-1 promoter from the mouse gene to drive expression of GFP in transgenic Xenopus embryos. GFP¯uorescence is ®rst detected in the dorsal and ventral pancreatic buds and adjacent duodenal epithelium at 44 h of development (stage 34), before the gut begins to coil (Fig. 2a) . Reporter activity in the developing pancreatic buds and pancreas is strikingly similar to the expression of PDX-1 in the mouse gut ( Fig. 2 ; Ohlsson et al., 1993; Guz et al., 1995) and of native XlHbox8 protein in the frog (Wright et al., 1988) . GFP¯uorescence is seen throughout the dorsal and ventral pancreatic buds and persists for several days. PDX-1 expression in the mouse pancreas has been shown to be down regulated as the pancreas differentiates, with expression eventually being restricted to the insulin producing beta cells of the islets of Langerhans (Ohlsson et al., 1993; Miller et al., 1994; Guz et al., 1995) . It has therefore been suggested that PDX-1 has a dual role in pancreatic development and function: ®rstly to enable morphogenesis of the pancreatic epithelium, and secondly to transactivate the insulin gene in the beta cells. The Xenopus homologue XlHbox8 may also have a dual function, as it is similarly down regulated in the majority of the cells of the Xenopus pancreas, with expression remaining in only a small percentage of cells (Wright et al., 1988) . We examined the distribution of the GFP mRNA in later transgenic tadpole guts by in situ hybridisation, and con®rmed that the levels of mRNA are down regulated after 4±5 days of development, with expression remaining only in a small proportion of the cells (Fig. 2d) .
Note that the GFP¯uorescence is still present at this stage, due to perdurance of the protein (not shown). Duodenal expression of PDX-1 persists in the mouse (Guz et al., 1995) and rat (Miller et al., 1994) and, similarly, we ®nd a low level of expression is maintained as late as 7 days in the duodenum of transgenic tadpoles (Fig. 2d) . The distribution of GFP mRNA in transgenics is therefore very similar to that observed for the Xenopus homologue of PDX-1, Xlhbox8 (Chalmers and Slack, 1998) . In addition to the gut expression, GFP¯uorescence is also seen in the lens of the eye from stage 36 onwards. This does not correspond to an endogenous domain of XlHbox8, but can be useful because the transgenic and non-transgenic individuals can be immediately distinguished using a¯uorescent dissecting microscope.
The mouse transthyretin regulatory region drives GFP expression in the liver
Transthryretin is an extracellular thyroid hormone-binding protein produced by the liver and choroid plexus of reptiles, birds and mammals. Recently, transthyretin homologues have also been isolated from ®sh and amphibians, where they are only synthesised in the liver (Yamauchi et al., 1998; Santos and Power, 1999) . In mice, hepatocyte speci®c transcription of transthyretin is known to be regulated by a proximal promoter region and a distal 100 bp (f) In situ hybridisation to GFP mRNA in 7 day whole mount gut. Expression of the reporter is seen in the small intestine (si, dark blue) but absent from the stomach (st), pancreas (pa), liver (li), gall bladder (gb) and colon (co). Abbreviations: gb, gall bladder; li, liver; si, small intestine; pa, pancreas; st, stomach; co, colon.
enhancer region located 2 kb upstream of the transcription initiation site. This regulatory region (enhancer and promoter) is suf®cient to direct expression to the hepatocytes of transgenic mice (Yan et al., 1990) . We have made transgenic Xenopus tadpoles using this regulatory region of the mouse transthyretin gene to drive expression of a GFP containing a nuclear localisation sequence (nGFP). Fig. 3 shows that the transgene drives appropriate expression of GFP in the liver of transgenic tadpoles. GFP¯uorescence is seen in the posterior foregut from 3±7 days of development, and is located ventrally in the endoderm just posterior to the heart (Fig. 3a,b) . Some GFP activity is also seen in the pronephros of transgenic tadpoles. mRNA expression remains throughout the liver in the gut of later tadpoles (Fig. 3c) . No expression was seen in the choroid plexus of transgenic tadpoles, in accordance with the endogenous expression pattern (Yamauchi et al., 1998) .
The IFABP promoter from rat drives intestinal GFP expression in Xenopus
Intestinal fatty acid binding protein (IFABP) is expressed in the small intestine of mouse (Green et al., 1992) , rat (Alpers et al., 1984) , human, (Sweetser et al., 1987) and Xenopus (Shi and Hayes, 1994; Chalmers and Slack, 1998) . Endogenous expression of Xenopus IFABP begins at stage 34, prior to gut coiling, and increases rapidly up to 5 days of development (Shi and Hayes, 1994) . Expression has been shown to be restricted to the forming small intestine of guts from 3 day old tadpoles and is excluded from the stomach, accessory organs and colon (Chalmers and Slack, 1998) . The rat IFABP promoter has been shown to drive expression of reporters in the small intestine of transgenic mice (Sweetser et al., 1988) . We have used this promoter to drive GFP expression in transgenic Xenopus. In live embryos, GFP¯uorescence is ®rst seen at 4±5 days of development, when it is localised to the intestinal epithelium of the coiled gut (Fig. 3d) . GFP activity increases in intensity and by 7 days is seen throughout the outer gut coil, but is absent from the stomach, liver and pancreas (Fig. 3e) . In situ hybridisation for the GFP mRNA in whole gut preparations at 6±7 days con®rmed the absence of reporter expression in the colon, which forms the posterior half of the inner gut coil, and is therefore not visible in live embryos (Fig. 3f) . The spatial expression of the reporter gene therefore corresponds with that of the endogenous gene (Shi and Hayes, 1994; Chalmers and Slack, 1998) .
Discussion
We have examined expression at protein and mRNA levels from four gut speci®c mammalian promoters in transgenic Xenopus embryos and tadpoles. In each case, the temporal and spatial expression of the reporter has been shown to match that shown previously in transgenic mice. Where the expression patterns of the endogenous Xenopus homologues are known, they also correspond well to the reporter expression (Wright et al., 1988; Shi and Hayes, 1994; Chalmers and Slack, 1998; Yamauchi et al., 1998) .
This work represents, to our knowledge, the ®rst use of mammalian promoters to make Xenopus transgenics, and the results have signi®cance in three respects. Firstly, they show at the level of gene regulation that the mechanisms of gut development are well conserved between mammals and Xenopus. This is of some evolutionary interest and also means that Xenopus can be considered a valid model for studies of gut development as the results are likely to apply also to higher vertebrates.
Secondly, it means that Xenopus transgenics can be used as a rapid and informative test of promoter activity. Compared with transgenic mice, Xenopus offer many technical advantages. It is possible to make a large number of transgenic individuals in 1 day. If GFP reporters are used, the transgenics can be distinguished from non-transgenics by simple dissecting microscope observation. It is possible to observe the reporter activity in live embryos at stages which are inaccessible in mammals, and the transparent nature of the tadpole allows visualisation of reporter activity in deep tissues, such as the gut.
Finally, the fact that mammalian promoters can be used is of considerable importance for designing experiments on the development of Xenopus itself. As numerous mammalian promoters are already available, it will avoid the need for the cloning of endogenous promoters for misexpression studies. The instant availability of a large number of promoters means that the Xenopus transgenic system can rapidly be brought to bear on the study of later developmental events, such as gut development.
Materials and methods
Transgenic Xenopus laevis
Transgenic Xenopus laevis embryos were made using the restriction enzyme mediated integration (REMI) method of Kroll and Amaya (1996) with modi®cations as suggested by Martin Of®eld (pers comm). Brie¯y, 5 ml of high speed egg cytosolic extract was used in each REMI reaction rather than 25 ml, and MgCl 2 reduced accordingly to maintain 5 mM ®nal concentration. Eggs were dejellied in 1 £ NAM salts, 1.6 mM DTT, and 200 mM Tris (pH 8.8), and sperm dilution buffer was made with 250 mM spermidine and 125 mM spermine (Sigma). Embryos were cultured as in (Pownall et al., 1998) , using NAM to replace MMR throughout. Fifty micrograms of transgene DNA was digested to completion with the appropriate enzyme, extracted with phenol/chloroform, gel puri®ed by electroelution and cleaned using Wizard PCR prep DNA puri®ca-tion columns (Promega). DNA in the range of 50±500 ng/ml was successfully used to make transgenics. We typically obtain 2±6% viable transgenic tadpoles using this protocol, which corresponds to 16±50 transgenics from each REMI reaction.
Embryos up to stage 41 (3 days of development) were staged according to Nieuwkoop and Faber (Nieuwkoop and Faber, 1967) , and subsequently staged by the number of days of development, as determined for gut development in Chalmers and Slack (Chalmers and Slack, 1998) . Four days corresponds to embryonic stage 44/45; 5 days to stage 45/46; 6 days to stage 46, and 7 days to stage 46/47. All transgenic embryos were terminated at 7 days, before feeding began.
Transgene constructs
PDX-1-GFP in PIT2 vector was a kind gift of Chris Miller, Genetics Institute. The construct contained 4.6 kb of the mouse PDX-1 promoter, and the transgene (6.5 kb) was excised using¯anking Not I restriction sites. Elastase promoter was a kind gift of Galvin Swift, TX, USA. The 203 bp rat elastase I promoter (gb: L00112) was subcloned into PIT2 and the 2.1 kb transgene was excised using¯anking NotI sites. Transthyretin-nucGFP was a kind gift of David Tosh, Bath. The construct contains the 3 kb upstream region containing both the enhancer and promoter regions of mouse transthyretin (gb: M19524) in pcDNA3 (Invitrogen) containing nuclear GFP and was linearised with Apa I to make the transgene. IFABP promoter was a kind gift of Indira Mysorekar, Washington University. The 1.2 kb rat IFABP promoter (gb: M18080) was subcloned into PIT2 and the 3 kb transgene was excised using NotI.
Visualisation of GFP in live tadpoles
Transgenic tadpoles were anaesthetised in 1/2000 MS-222 (3-aminobenzoic acid ethyl ester, Sigma) and visualised using a Leica Fluo III¯uorescent dissecting microscope with a GFP2 ®lter set.
Whole mount in situ hybridisation
GFP mRNA distribution was assayed using in situ hybridisation with an antisense GFP digoxygenin labelled RNA probe as Harland (Harland, 1991) , modi®cations as Pownall et al. (1996) . Whole gut dissections were performed as in Chalmers and Slack (1998) .
